Germ Cell Gene Expression cellular replication and a finely tuned differentiation proHow are precursor germ cells able to respond to physiogram. Spermatogenesis is a cyclic process in which logical stimuli and convert them into signals leading to diploid spermatogonia differentiate into mature haploid differentiation? Remarkable modulation of gene expresspermatozoa. A pool of undifferentiated progenitor cells sion must underlie the rapid and dramatic changes in is held in reserve since most spermatogonia enter a stem the morphology and biochemistry of the germ cell during cell renewal pathway by undergoing mitotic division (in spermatogenesis. Indeed, regulation of gene expression a manner analogous to somatic cells). Only a minority in the germ cell follows defined rules that are unique to of spermatogonia are committed to further differentiacells undergoing meiosis. Regulation occurs at various tion by dividing mitotically to give rise to diploid spermalevels. tocytes. Then meiosis takes place. Rather than splitting Several lines of evidence indicate that highly specialinto daughter cells, primary spermatocytes undergo two ized transcriptional mechanisms ensure stringent stagemeiotic divisions that result in the production of haploid specific gene expression in the germ cells. Various proround spermatids. These are sculpted into the shape of moters have been found to have a restricted pattern of mature spermatozoa by the process of spermiogenesis, activity due to the presence of germ cell specific factors. which involves dramatic biochemical and morphological However, there is also evidence that general transcriprestructuring of the germ cell (Figure 1 ). In mice, the tion factors may be differentially regulated in germ cells. entire developmental process takes 35 days.
For example TBP (TATA-binding protein) accumulates The cyclic hormonal control elicited by the hypothalain early haploid germ cells at much higher levels than mic-pituitary axis is responsible for a coordinated differin any other somatic cell type. It has been calculated entiation program of the germ cells. In response to horadult testis contain 7.9 and 11.4 fold more molecules of mone stimulation, testicular cells initiate a cascade of TBP per haploid genome equivalent than adult spleen events inducing changes in cellular metabolism and and liver cells, respectively (Schmidt and Schibler, gene expression. Proliferation and differentiation of 1995) . In addition to TBP, TFIIB and RNA polymerase II germ cells is ultimately dependent on two hormones were also found to be overexpressed in testis. These produced by the gonadotrophs of the anterior pituitary remarkable features are consistent with the potent trangland, luteinizing hormone (LH) and follicle-stimulating scriptional activity that occurs in a coordinated manner hormone (FSH). In the absence of these two hormones, during germ cell differentiation. spermatogenesis does not proceed beyond meiotic proPosttranscriptional control is especially important tophase. Indeed, ablation of the pituitary glycoprotein horwards the end of spermatogenesis since global tranmone ␣-subunit gene by homologous recombination scription ceases several days before the completion of generates hypogonadal mice with interrupted spermaspermiogenesis. Thus, mRNA storage and translational togenesis (Kendall et al., 1995) .
activation play prominent roles in the expression of many spermatid and spermatozoan proteins that are The developing male germ cells lack receptors for LH synthesized in late stages of germ cell maturation. Infurther emphasized by the finding of the robust overexpression of wildtype p53 protein in most testicular tudeed, in early spermatids, many mRNAs, such as protamine and transition protein transcripts, are translamors (reviewed by Chresta and Hickman, 1996) . In addition, a direct connection with the germ cell apoptotic tionally repressed with long poly(A) tracts and are sequestered in cytoplasmic ribonucleoprotein particles pathway is provided by the finding that p53 acts as a transcriptional activator of the Bax gene (Miyashita and for up to a week. Translation subsequently takes place in late spermatids after the mRNAs undergo a poly(A) Reed, 1995) . Bax is a dimerization partner of Bcl-2, a protein able to interfere with programmed cell death in shorthening by deadenylation. The molecular mechanisms operating in the germ cells by which dynamic response to a number of apoptotic stimuli. Importantly, Bax has a function opposite to Bcl-2, being able to polyadenylation is achieved have yet to be unraveled. An exciting aspect is that germ cell-specific polyadenylaccelerate apoptosis. The ablation of the Bax gene by homologous recombination results in male sterility due ation in some cases can be under pituitary hormonal control (Foulkes et al., 1993) . This indicates that cellular to a complete block in spermatogenesis (Table 1 ). In the Bax Ϫ/Ϫ mice, the premeiotic germ cells appear atypical signalling pathways must control, possibly via phosphorylation, the function of trans-acting factors that preand, instead of differentiating, enter a pathway of programmed cell death (Knudson et al., 1995) . In contrast, side over mRNA processing.
The expression of germ cell-specific genes during the deletion of the genes encoding the Bax partners Bcl-2 and Bcl-x causes massive cell death in the lymphoid various phases of spermatogenesis is coordinated with major changes in the nuclear architecture. Events incell lineage but no germ cell aberrations. Interestingly, the Bax Ϫ/Ϫ mice also show lymphoid hyperplasia (Knudvolved in chromatin remodeling appear to be crucial for the differentiation process. The histone-to-protamine son et al., 1995) . Thus, the same molecule may act in a positive or negative manner on the apoptotic pathway replacement program is a highly dynamic process, involving the momentary synthesis of transition proteins of different cell lineages.
Another protein that has a direct role in determining and the progressive compaction of DNA. The precise timing of these events appears crucial. Alteration in the the fate of male germ cells is CREM, a transcriptional regulator responsive to the cAMP signaling pathway timing of protamine synthesis has been achieved in transgenic mice by modifying the 3Ј untranslated region and that has been implicated in various neuroendocrine functions (Sassone-Corsi, 1995) . The second messenof the Prm1 gene. Premature translation results in precocious nuclear condensation and in arrest of spermatid ger cAMP is known to play an important role in several steps of spermatogenesis, in particular by governing differentiation (Lee et al., 1995) . In conclusion, the regulation of highly specific gene expression in the germ the timing of post-meiotic gene activation in response to pituitary-directed hormonal signals. The hypothalamiccells is governed by the interplay of transcription, mRNA processing, and dynamic chromatin modifications.
pituitary axis also controls the CREM developmental switch, an event responsible for the accumulation of the What are the molecular players involved in coordinating the meiotic cell cycle and controlling the differentiation CREM activator protein in the germ cells in response to FSH (Foulkes et al., 1993) . Various target genes for of the germ cells? Apoptosis CREM-mediated activation have been identified in postmeiotic germ cells, such as protamine, calspermin, and In contrast to the great body of information accumulating on the regulation of the mitotic cell cycle, much less transition protein (reviewed by Sassone-Corsi, 1995) . Targeted disruption of the CREM gene results in a comis known about the molecular mechanisms involved in the regulation of meiosis. Yet the stringent control in plete block of the germ cell differentiation program at the first step of spermiogenesis (Nantel et al., 1996 ; the differentiation and proliferation timing of the germ cells indicates the presence of critical checkpoints. An Blandy et al., 1996) . Early differentiation and stem cell renewal occur normally, in accordance with previous analysis of cyclin-dependent kinases (Cdks) has revealed that their expression occurs at specific steps of observations showing that the CREM protein accumulates from the round spermatid stage onwards (Sasthe meiotic cell cycle, suggesting a role in the differentiation program (Rhee and Wolgemuth, 1995) . In spite of sone-Corsi, 1995). The stringent requirement for CREM is manifested by the lack of maturation of the germ cells the parallel emerging between mammalian spermatogenesis and sporulation in yeast, these changes in Cdk and by their entering the cell death pathway. Indeed, deletion of CREM causes a 10-fold increase in the numlevels are in contrast with the constant Cdk expression observed in yeast (Amon et al., 1993) .
ber of apoptotic germ cells (Nantel et al., 1996) . In contrast to the Bax-deficient mice, however, no apoptosis Normally, a proportion of germ cells undergoes apoptosis in the seminiferous epithelium. This number has been observed in other cell lineages of the CREMdeficient mice so far. Thus, the death-interfering funcincreases dramatically in some pathological conditions, including idiopathic infertility due to spermatogenic artion of CREM may be restricted to cells undergoing a meiotic cell cycle. rest in human males. Interestingly, somatic cell cycle regulation by the Cdk family of genes is modulated by Vitamin A Vitamin A, or retinol, is absolutely necessary for spermathe pleiotropic action of the tumor suppressor protein p53. A giant cell testicular degeneration syndrome is togenesis. Rats fed a vitamin A-deficient diet become sterile because of a degeneration of both meiotic and seen occasionally in transgenic mice carrying a p53 promoter-CAT fusion, which results in decreased p53 levels post-meiotic germ cells. Only Sertoli cells and mitotically dividing spermatogonia appear unaffected. Interestin the testis (Rotter et al., 1993) . The role of p53 in the regulation of cell cycle and in the apoptotic pathway is ingly, most effects of vitamin A can be prevented or reversed by retinoic acid. The molecular basis of the Sertoli cells in providing to the differentiating germ cells indispensable biochemical and physiological support. remarkable action of vitamin A resides in nuclear recep-
Another nuclear receptor appears to play a critical tors binding retinoic acid (RARs) and retinoids (RXRs).
role in the spermatogenic process. The estrogen recep-A multitude of factors constitutes this family of receptor (ER) binds 17␤-estradiol, the female sex steroid that tors, the products of various genes and alternative plays a critical role in female sexual development. Fespliced isoforms. Since these proteins heterodimerize, male ER-deficient mice are infertile with hypoplastic the regulatory output of these combinatorial possibilities uteri and hyperemic ovaries with no detectable corpora is considerable.
lutea (Lubahn et al., 1993) . Surprisingly, inactivation of Disruption of the gene encoding RAR␣ results in high gene encoding ER also affects male fertility. ER-defipostnatal lethality, with only 12% of homozygous anicient males have low fertility with reduced testis size and mals surviving after 1-2 months (Lufkin et al., 1993) .
sperm number. Histological analysis of the ER-deficient However, the survivers are sterile and display severe mouse testis has not been reported. degeneration of the germinal epithelium. In addition to Genome Stability a complete loss of germ cells, there is an impressive An accurate passage of genetic information to the progvacuolization of the Sertoli cells with cytoplasmic eny is a prerequisite for the conservation and evolution expansions which partially invade the lumen of the semiof the species. Thus, especially during meiosis, a proper niferous tubuli. Curiously, some interspersed tubuli apcontrol of replication, repair, and recombination propear normal and generate very few spermatozoa. This cesses is critical for the maintenance of genome stabilphenotype is almost identical to the degeneration obity. One level of control is ensured by the ubiquitin served in animals kept on a vitamin A-deficient diet, system, which determines the half-life, stabilization, reconfirming the notion that retinoic acid, and not retinol, folding, and translocation of proteins crucial for cell is required for the maintenance of spermatogenesis.
physiology. Disruption of the HR6B gene, encoding an As mentioned above, the contacts between the soubiquitin-conjugating DNA repair enzyme, results in the matic Sertoli cells and the germ cells are thought to be of alteration of post-meiotic chromatin remodelling (Roest crucial importance for a normal differentiation program et al., 1996) . The role of HR6B may be indirect since its (Griswold, 1995) . One of the retinoid receptors, RXR␤, ablation does not cause a complete and uniform block is expressed almost specifically in Sertoli cells. Most at a given point of the spermatogenic differentiation RXR␤-deficient mice die in utero or shortly after birth.
process. HR6B is the human homolog of the yeast RAD6 The male survivers, however, are sterile (Kastner et al., gene, which also encodes a ubiquitin-conjugating en-1996). They are characterized by a severe reduction in zyme. RAD6 mutations result in defects in postreplicathe number and mobility of spermatozoa and a high tion daughter strand gap repair, causing increased senpercentage of spermatozoon structural abnormalities. sitivity to DNA damaging agents and spontaneous These include coiling of the tail and malformation of the mutation frequency. Various yeast checkpoint genes acrosome that is partially detached from the nuclear have been found to control DNA damage and cell cycle envelope. In the Sertoli cells there is a progressive accuarrest (Lydall and Weinert, 1995) . Thus, in yeast, the mulation of lipids, which results in a degeneration of the link between DNA repair and cell cycle arrest is now epithelium. Importantly, RXR␤ is not expressed in germ established. Recent results on the disruption of repair cells (Kastner et al., 1996) . Thus, these observations genes in the mouse demonstrate their controlling function of the cell cycle during the spermatogenesis. provide a demonstration of the key function played by
